Simulation testing of global sequencing rules in an assembly shop with random disturbances / by Simonds, James Wendell
Lehigh University
Lehigh Preserve
Theses and Dissertations
1974
Simulation testing of global sequencing rules in an
assembly shop with random disturbances /
James Wendell Simonds
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Industrial Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Simonds, James Wendell, "Simulation testing of global sequencing rules in an assembly shop with random disturbances /" (1974).
Theses and Dissertations. 4461.
https://preserve.lehigh.edu/etd/4461
" . . 
• 
• • • . 
• . 
• • 
. . 
. 
• 
• 
" •• 
. 
• • • . . 
\• • • 
• • .  
. 
. . . 
.. 
• 
. . . . f 
. 
.. .. . . 
• • . . .. 
. . . . 
• • 
.. 
. 
. .. 
. • 
. . 
. 
• . 
• . . 
. . . 
.. 
. 
• 
. • . 
. 
• 
. 
. 
,• 
,. 
. 
. . . ,. 
• 
' • . 
. 
. . . , 
• 
•• 
• • 
• 
• 
• 
• 
• 
• • 
• 
. . 
• 
... -----··· ;~ ... 
';.,>,,.~·; _./_-~:~.,.J.'·•·'·/· • .-' ... ···\,a.'- ·:·-·· "~.: .. ·. ; •.. _, .. ,-.. ..,,, ... • 
. 
Sil-ruLATI OI~ TESTING OF GLOBAL SEQUENCirlG 
'· 
• 
. 
. 
-
.. 
• 
.. . 
.. 
. 
t 
. 
.. 
.. ~ 
• 
. 
• 
. . 
~ . . .. 
. 
'.? 
. . 
• 
• 
• 
• 
. 
. 
RULES IN AN ASSEl-IBLY SHOP WITH 
•• 
. 
• 
.. RANOOM DISTURBANCES 
. 
. 
. 
• . 
' 
. . 
. 
. .. 
. 
. 
• ·. . ... 
. • . 
_.by .. 
' 
... 
• 
. 
• ; • .. . . 
. 
: . ~ 
. James Wendell Simonds 
. 
• . . 
. 
• 
.. 
. . 
. .. : 
.. . 
. • 6.: 
. . 
. 
. 
• . . . 
• 
• 
.. 
... . 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
.. 
• 
Industrial Engineering 
Lehigh Uni vers·i ty 
• 
10'7h ,, .. 
.. 
. . 
• 
• 
• . 
• 
• 
• • 
• 
• 
• 
• 
• • • . 
• 
• 
•• • 
• 
.. • 
• . 
• 
. 
.. 
• 
.• 
• 
. 
. 
• 
• 
(\ 
. .
• 
\ .... ;· .... ~. ~ di, .. ; 
• 
. 
. . 
. 
• . . . 
. 
. 
. 
• 
• 
. 
• 
. 
• 
. . 
• 
. 
. . . 
• • 
. . 
. 
• 
. 
. 
. 
.. 
• . 
. 
... 
• . 
. 
· . 
. . 
• 
• 
• 
• 
. . 
. 
• 
. 
• 
. 
. 
. 
' 
• 
• 
. . 
• 
• 
• 
• 
• 
.. 
.. 
• 
• 
... . 
. . 
.. . 
• 
• 
• 
.. 
. . 
• 
' r
• 
l 
f 
I 
•· 
r 
• 
.. 
. . 
' 
• 
• 
• 
• 
• • • 
• • 
• • . • 
' 
• I ~ . • • 
41 
. 
•• • 
• 
• 
• 
• 
' . 
• 
• 
. . . 
• 
• 
.. 
• 
• 
• 
' \ 
f 
1 · 
I 
• 
• 
• 
' . • 
• 
• • 
CERl'IFICATE OF APPROVAL • •• 
•• 
• 
• 
·This thesis is accepted and approved in partial.fulfillment of 
the requirements for the degree of Master of Science • 
\ ... 
• 
• 
. (Date) 
• 
. . • 
• 
• 
• 
• 
• 
• • 
. ,. 
• 
' 
• 
• 
• • 
• 
. . 
• 
-
(\ 
Professor in Charge 
Chairman of the Department of 
Industrial Engineering 
• 
r. 
ii 
• 
• 
•• 
. -· 
• 
• 
• 
• 
• • 
• 
, 
• 
'I. 
.', 
• 
• 
; 
I 
t 
• I 
• r- • 
,. 
~, 
I 
I 
• 
-
' I 
. ' 
. . . 
• 
' 
f ! 
-
C 
' i 
' 
'. ' i :..· 
.f 
) 
., 
. 
; 
·; 
; 
: t 
• 
• 
. . . 
. . . 
. ·
. . 
. . . 
' ' 
,,., ' 
• • 
. . ' 
' 
. 
• 
.. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . . 
. 
• • 
. . 
. 
• • 
. 
.. 
• 
• 
• . .
• 
. 
. . . 
.. . . 
\ 
. ·-
• 
' . 
. . 
• . . 
. . 
. . . . 
. . ~ 
. . 
. . . . : . . 
. . . 
. 
. . 
. . 
. . . 
. 
• 
... . . : . 
. . 
• 
.. . . . 
. 
• • 
. . . 
• 
. . . 
• 
• 
. . 
• • • 
. . 
... 
. . . . 
• • 
.. 
. . 
. . 
• .. .
. 
. . 
. 
, 
• • 
•. . .. 
. ~ 
. . . 
. 
' . . 
• 
. . . . . . 
I ! • 
• 
. . . 
•, 
• • • 
• 
. 
...... 
; . 
• 
. . . 
• . 
. . 
. 
.. 
'ACKNOWLEDGEMENTS 
. 
. ... 
. . . . 
. . 
. . . • 
.. • 
. . 
. . ,·. 
. . 
. . . . 
.. . . . . ... 
• . . . 
. . . 
. . .. 
. 
• 
. 
.. .. . . . . . ..... 
. . . . 
• • • 
. . 
. 
. . 
. . . 
.. 
. . . . . 
. . . . . 
. 
. . .. 
. . . 
... 
. .. . •. 
. 
. . 
. . . . . . . . 
. . . . . 
. 
. . 
• . . . 
. .. . . . 
. . 
• 
. . . ..
. . 
. . 
• • I 
. '.. . . ~ . . .• 
. : 
. . 
• 
. . 
• • 
. 
• 
. . . . . . . . .. .  . 
• t • • 
. . . 
. . ~ . . . . . . . . •. • • 
. . 
. . . ,, . . . 
. . . 
.. The author wishes ·to express his. appreciatioll · to· Pi-ofeSsor: 
• 
. . 
. . 
. . 
• 
. . . 
·:A."F. -Gould~ Head of the r~·dl.lstrial Engineering Departm~ni, ·Lehigh· 
,• 
. . 
,• .. 
. '• 
.. 
. .. . . . . 
Un:i,Versity, for his helpful advice and·perceptive-guidanCe· during . . . 
,• . . 
· . 
.-· the Prep.aration -~f this the~is. A sPecial ~ote of thanks is du~ 
. . . . 
.. 
·. .: . . . . 
. . 
. . 
. 
. . 
. ~ 
. 
• 
. . 
. 
. . . 
. . 
.. 
. . 
. , .. . . . . . . . 
·menib'ers of the. Western Electric Research Center staff: ·Mr. F. M. Allen o_ 
' . 
. . ' 
. . . 
. . . 
. . 
fol' his_ Counsel and technical advice·during this .inveStigation; ·and 
. : . ·. . . . . . . . . . . . . . . . . 
• 
· Mr. K.E. Sanders fOr his· contributions in essential software design 
. . . 
_: and D'.lodification. Thanks are also due Mr •. G.S, Chupik of ;the.· 
. . Western Electric Cable and Wire Division for serving as a liaison . 
with the manufacturing facility llllder study. The author also wishes 
. 
to thank Miss P, Renzo for her cooperation and excellent typing 
support. 
/ Finally, the author· wishes to express his gratitude to his •
wife, Mary, for her constant encouragement and under~tanding through-
out the entire course of this effort. 
, 
• • 
. . 
• 
• 
iii . 
• 
. 
• 
. 
• • • • 
• 
• 
• 
. . 
. 
•' . 
• • •. 
• 
• 
• 
• 
• 
• 
. . 
. 
. 
. 
• 
. 
. 
. . 
• 
• 
. . 
• 
• . 
.• 
. . . 
.. 
• 
• 
" 
. 
. . 
. . 
• 
• 
• • • 
. . 
• 
: 
• 
.. . .... 
. ' 
l 
f . .. '' 
• 
• 
• • 
. 
. 
. 
• 
. . . 
. • .. 
• 
• 
. . 
• 
. ..
. . 
• • 
• 
. .. 
·. 
• : 
• 
• 
··:·; 
'•, 
. . 
' • 
'. ' 
• 
' ' 
T • 
' .. . 
. . ). ·. . . 
• 
•• • • 11111, ••. 
• • 
. .. 
. . . • 
l ·, •• 
•• 
' . 
• 
• • • 
. . 
. ' . . .. 
. . 
• • • 
• ,i • 
• 
• 
• 
• I l • • •• I •• •• 
.,. • 
••• • 
• 
• •• 
I • I • • 
o I I I 
• 
• 
• • . . . . 
. . . . ·, . 
• • • •• • • • • 
• • • • • • • 
:~ • e ' t • .. 
• • I ,• I ' 1 • • 
t . 1 • •• e e 
1 
• I 
t. • . • • • • •• • • 
• 
• .. • .~ 
• 
. . . • 
• 
• 
•. .. • 
.. . . . . 
. ' 
. ,. 
. . 
. . . . 
• 
.. 
• 
• 
. . 
~·· : . ' . 
\ •/ . . . 
• 
. . . ., . . . . •: . . ' . . . . . . . . . . . 
. .• . . . . ·. . 
. . . . . . . . : . . . . 
.I •. • • , 
• • 
• • • • -• 
• • •
. • 
•• 
• 
• I " 
"' . . .. . ..• . ' . . .. . . 
.  
• 
.. I _,., • , 4ili I • 
• • .• ~--
·I .. .• I ·• • o • 
. . ·,. . . . . . 
. . . ... 
.  . . . 
. 
• 
. . . .· 
. . 
.. ,: . -, . • .. ~ . . . . .. :· . . . . . ....• 
. -~ . : . . 
• 
• • ,._ 
fl' • • 
• ••••
•. "' .••• 
, .• 
.: . ,: .. 
. . . ' ' . 
. . ' ... • . .• 
.. 
• 
• 
• 
1· ., I • 
• I . 
I ,.- • ·e , 
I•, 
· · . ~ - .. - .· .~ :. .·. - · · . ·'. ·.'. .· · . · ABSTRAnn . ·. · . · · - . . : ; · .. ·· . · . ·. .. -.;;. .- ··· · . 
· · · 
It • • I • : "- ·. t ~•- I 
\,.L r 
• 
. . ~- .• . : . . . . . ·'.. . . . . . . . . . . 
. 
. . ' . . ,.. .··-: . . ~ :· -· .• . . ~ •. 
. . ·• . . . 
. . . . . . 
. ~ .• . . ~ . .. . . . . ... . 
. . : . •' 
1 ',• 
. . 
. . : · · · ·: :_. .. · ,li1~ pap~r addreS~eS the ap~iic~bi11 tY of gl~b~ s~q~enc·i~g- . . . : : . : :· ·: 
. 
. 
•• 
• • 
,1 
'•. 
, • 
. • 
.. 
. . 
• • • 
t 
• 
• 
• • - • 
• • • 
• . • • • 
. : . . .. ~es in ~. pei-i odi c· . illterf ace .enviroimient / i . e ~ ~ -~here .. det .ailed . . . . ·.. . .:.: .. ' 
• , I • . • 
• • • . 
. 
• • • • • 
..• 
..  . . . 
. 
. . 
. ' . 
• 
:• . 
' . 
. . . , 
. 
,· 
•. 
•· -: 
.• 
;· 
.• : 
·. 
. "s~art-:ri~ish" plehs . are. upd~ted Per·iodical].y. . A· G.ASPU ·&iinuiS.tiOn .' a 
. . 
. . . 
. .: 
. . . 
. . 
. . . 
. . 
. . .. . . 
. . . . . 
. .. . . . . .. 
. 
. . \ . . ~ . . .. 
. . 
. 
. 
·~ 
.. 
... 
· · model .for dynamic· testing· of sequencil)g .. methods is· designed and · -.~.- '! • • 
. . . . . . . . 
. 
. . 
. . . . 
. ·. .• . 
. . 
. . .
 
. 
. : . . . 
. 
.. . 
. . . 
··:· utilize~ to investigate the applic;tion of. a heuristic global 
... 
. 
• 
. .. 
I . . 
. . 
. . . 
. . . 
. . . . .. 
• . 
.• 
. . ... 
. . ' 
. .. •. .• 
•. 
. 
... ; . 
~etd.l.ed ~equencing t~chnique to ari 'exi~ting cable ass·embly shop • 
. . . ~· -·· 
• 
·• . 
•• 
!, 
.. 
. . 
. 
. .  . . . 
. . . . . . 
Account is ·taken of :random. dist·urbances ·: as related. to. ma~hine ·break- · 
. . 
. . . 
. . 
. 
. . 
. 
. . 
~owns and_job inspection failures.· ·Results include identification 
. . ' . .
 
• I ' 
. . 
.of both computational problems and operations improvement~ expected I 
. to arise from application of the global sequencing method. A need 
. -~or more flexibility in coping with different shop flow patterns is 
identified. Impractical response times and excessive input require-
_ments due to the complexity of the shop load and configuration charac-
teristics are also discussed, along with related solutions. Simulation 
results indicate that the global sequencing·technique is a feasible 
shop control tool exhibiting capability of reducing overtime work .. 
• 
. 
required to meet delivery dates and improving control of work-in-
process inventory without service level deterioration. An imbalance 
. 
~in the shop section capacities and its hindrance to further effect-
iVeness .of the global sequencing method are revealed, This it:v:esti-
. 
gation demonstrates the importance of using a simulator such as the 
• . 
one developed here to,test a planning tool under full scale dynamjc . ' . 
,,, 
conditions before attempting actual implementation. 
,· 
•: 
.; . 
.', 
. 
. . ~ 
. . 
• . 
• 
..•. 
. 
. 
1. . 
.. 
' . 
..• 
.•.. 
. . 
... 
• 
..•' ~ 
. ::~.· 
. 
. . 
,: . . .. ..• - .. I ."•: 
• 
. . • 
·. • 
• • • 
• 
' ·, 
. ... 
. . ' .. 
.• 
.. 
. ;.: 
. . . . . 
• 
• 
. . .•. •.. . 
. :: 
. 
. • ,· 
•, 
• 
. ·-· 
. . 
• • • ;, 
.. 
,, 
. ~ , ( 
• .. 
. . 
. 
...... . 
.. 
. ' 
\ 
. ' -· .• . . . .. 
• 
. . 
"· ' -
. 
• . ... . 
. 
. . 
• • 
. 
. 
. . . 
• 
• 
• 
. 
. . 
. . . 
• 
• 
. . . : . . 
• • 
• • • .. 
~ .. 
. .. 
. . 
• 
·-'·1 
I 
'· 
• . 
. , 
• 
. . . " 
' 
f • 
. . 
. . 
• • • 
. .• .... 
•• 
. . 
. . . 
• • 
• • 
,..., . . - ' ' ~ -
·. 
. . .. . . 
. .. . 
. . . 
. 
. .
• • 
.. 
. . . 
.. 
• . . 
' . 
• • • 
.. 
• • • • 
. •" .r. ,,...._ 
• 
. "' 
. . . 
. . . . . 
. .. 
• 
• 
• • •• • • • • 
. . . . 
. . 
. 
• 
• 
• • 
,w...;.:.....;._~~~~ ... ::.:... ................ ,<.,,, ..... .,,,.. ....... ~ •• -~ ...... """~~'l"'~ . 
. .• . . 
. . 
. . . . 
• 
•. ~ 
• 
• 
• • • 
• 
.. •... 
: . . . 
• • 
••• . : . ' ' •• • •• • • 
• -~ • • • • 
• • • • I • 
• • t .. • • • fl I I • I 
t I ••• f • • 
• • • • . -. . . . . ' 
•• 
• 
. . ·. . . 
• 
• • 
• • • • • • 
. • .. · . . . . . . . . . . 
. .. 
• • I •: • • : • f I 
• • •• f • I • e I 
• I • I •, • • I 
e. • •. I If •• • f 
. , . 
. . . • 
• 
• 
• 
. . . . . . . 
.. . . . 
. . .. . .. : . :: . . . . . . . .... . .• 
. . . .. ' . . . 
.. .. .• . .• . . ' .• •. . 
. . ' • 
" . . .· 
. . 
• 
• 
• 
. . 
• I 
I·, '. t. e • t t. t • • e I • I ;' •· .• e .• 
.. ~'. . .. . . . . 
. , . . . 
. . . . ' 
. . . 
i' •. e f ~ I . • • ... t '• 
1 
\ • 
• f f • t •. e J 'I' • 
• 
I • • . • 
I ... , e • 
. ,• 
..... · . .. .. .· - : : :. ···· . ::.' .. · . ··. :ABSTRACI' . ~. . · · · . . : . .) . ~J- • • ... • • • • ·.: , • • •• •· •• ••. • •• 
. •.•.·• .. ·.· . 
. . :. . . 
. .... · ..... ,. : ,. .... :. 
. 
. . . . . . . . . .
 . . . . . 
. . . . 
• 
• • I • t. t • I •• e I I f : • I • e ~ ,• .. • If f .. • •• I :-. 1 •. ' • • ~ : • I : •• 
. . .... : · · ··: : :_. · ~hi~ pap-~r ~ddreS~e~ the appiicabiii tY of ti1~b~ s~(l~enci~g . . .. · : ·. · :· : 
, . . 
• • •· 
. . . . 
• • 
•• 
• () • 
I • 
• I I • I I 
~ . . • • 
• 
• • • • • J • • . 
... • 
. 
• 
• • 
. . . .· . : ... : ' . . .. ~es in ~ periodic··. interf a~e en~ironment,. ~. e ~ ' wh~re.· detailed .. 
. . 
• 
• 
. 
. 
. . •- ... 
. . .. 
•• 
.. 
,. 
'': . 
. ·-~ 
. .;.: 
. . • · .. 
• . I • . 
. 
• • • ~ • .. 
.. 
•· 
. "s~Ei.rt-ti~ish". plahs . are. upd.~ted Peiiiodically. . A GASPU -~iinui.8.t{On ... 
. ~ .. 
• • 
• 
. 
• . 
• • 
• 
. •, 
~ 
. 
•'. •- .. 
. . . . .. 
.• !' 
• 
. ·. model .for dy~ami c·' t_.esting or· ·s-~quenc·~·ng 'methods. is designed and . 
.. 
. . 
. 
. 
. . 
. 
·· .. ·~tilized to investigat~ the application· of. a heuristic global.··.· ' · · 
• • • • 
• • 
• ' 
• I • • • 
. . ... . . 
. 
. . . . . . . 
. . 
. . . 
. . . 
. . 
. . . . . . 
, . 4etai).ed ~equencing technique to ari existing cable -aSS'embly shop.· 
. 
. 
. . 
. 
. . . 
.• . . . . . . . . . 
. . . . 
Account is taken of random. dist·urbances . as related. to. ma.chine ·break-
. . . 
... 
. . 
· ~~~zis and_j~b ·inspection failures.·· ·Results include ide~tificat1on 
. . . 
. . . 
.. . 
. . 
. . 
•• 
. .of both computational problems and operations improvements expected 
. . 
I 
: to a.rise from application of the global sequencing method. A need 
. 
. ·tor more flexibility in copi~g with different shop flow patterns is 
identified. Impractical response times and exce_ssive input require-
_ments due to the complexity of the shop load and configuration charac-
teristics are also discussed, along with related solutions. Simulation 
. . 
" 
results indicate that 'the global sequencing·tecbnique is a feasible 
shop control tool exhibiting capability of reducing overtime work 
• 
. 
required to meet delivery dates and improving control of work-in-
process inventory without service level deterioration. An imbalance 
. 
in the shop section capacities and its hindrance to further effect-
• . 
iire11ess of the ·global sequencing method are revealed. This investi-
. . 
• 
gation demonstrates the importance of using a simulator such as the 
• 
. 
' 
. .• 
one developed here .to ,test a planning tool under full scale dynarni-c: . . 
conditions before attempting actual implementation • 
.. 
•• '· 
0 ,.• • 
.• . 
. 
• • • 
. . 
.. 
. 
1. . 
• 
• 
. . 
.. 
. I 
. . 
. .. 
,. 
... ". 
... ·, . 
. I ... 
.... 
; . 
. . •' ... 
. . ;. 
... .. . 
.• 
.,·.~·· 
. .. 
.. . . 
. . 
. •. 
. ··•·· 
. . 
. .. 
.. 
,. 
• I 
.. 
.·• . . 
. . 
~. ' 
. ' 
.• 
.. :/ 
• 
. .. ,·• -:~· .... I 
.• .•. .. . . 
. 
, . 
. . . · 
.. 
• 
• . t 
.• 
' 
. . 
.. 
• 
• 
• 
. . 
. . . • 
~· 
. . 
• • 
. ·, 
'.; . 
. 
. . 
• 
. 
. . 
• 
. . 
I •. I • 
• 
.•· .. 
.. . . 
.. : . . . 
• 
. . 
• • 
~ ... 
. 
• • 
. ) 
• 
. . 
.. 
• • 
.. 
. 
. 
. . 
: 
• • 
• 
' ' ' • • 
• • 
• 
• • 
• • 
• 
• 
• 
j .•. 
~ 
• 
. . . 
:• - .: .• 
. . '\ . 
• 
·. 
• 
.. 
• 
• 
• 
. .. 
• .. 
. .. 
. •· 
• 
• 
• 
. .. 
. . ·.~-·· 
• 
.. 
"!I· 
•. 
.•. 
/ 
.. 
.. 
-. •· 
• 
. . 
• 
• • 
• 
• 
•· 
.. 
.. 
... 
.. 
··., 
,;.. . •' 
'I • • 
• 
;Background 
• 
• 
• 
.. 
• 
• :_. 
• 
... 
CHAPTER I 
INTRODUCTION 
• 
.. 
•· 
. ....... ,:· .. 
Except for mass production of identical. items, the order in 
. 
which items move th~ough a system has a definite effect on the 
.. 
.~ . 
performance of that system, i.e., sequencing influences o~tput. As .. 
can be seen from th·e abundance· of literature concern~ng ~equencilig 
· ~thods, both industry and the academic world are becoming more 
aware of the need _for improved understanding in this area. Over 
.,. 
i • 
. u . 
. the p~st decade much work, especially simulation experimentation, 
has been done in the st~dy of various sequencing methods. The usual 
· approach has been to subject a rather simple hypothetical ·system to 
. a set of' sequencing rules in order to draw some general conclusions 
about the relative effectiveness of these rules with respect to 
certain system performance criteria, such as average queue sizes, 
waiting times, facility utilizations, etc • 
• 
• 
In· some applications these studies have proven to be very 
helpful. However, in application of sequencing techniques to exiGting 
. . 
. . 
JQa1.1ufacturing processe.s some important questions regarding :feasi-
• 
bility of the techniques often arise which are not answered in the 
·' 
literature thus far. For example, real processe"s are often subject 
to disturbances such as machine breakdowns or product failures ; they 
may also involve more complicated system configurations ·where machines 
• 
• 
within a group have differing capabilities . In some instances 
. . 
• 
. .. 
.. 
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.. The quis~iqn ~r feasibility does· not_. usually arise ·_in .~he case 
. . . . . 
. . 
:· Qf local sequell~ing ;uJ.es , such as· sPi' (Shortest p:rocessing tiD!e 
. . ' . . . : . 
. . .. . . . . . 
:first) .or .FCFS (fi~st come' first_· ~-er~~d)' s~n_c~· the .ser~er (or tpe. 
.... 
. . •. . . . : ... . 
. . . 
Jriacb'ine op~rator) -~an enforce ·a local rui~ ·with· ~o as'sista.nce from 
. . 
. 
. . . 
. . 
. . 
• 
. 
. . 
. . 
. . . ·outside the immediate machine center. the. information required · 
• 
. ' 
. . . . 
. 
• 
. . 
.. 
• 
. 
decision is readily available to the operator. With global 
. . :J 
•. 
· rules the feasibility issue i·s much ·more complex because, a global 
sequencing rule_ gives simultaneous .consideration to jobs and machine 
states at any number of different machine centers in the shop. It 
·almost always requires computer support and generally involves use of 
heuristics tailored to the specific application. Good tools are 
generally lacking to foretell how such rules ID:ight behave in an 
on.&oing shop • 
To avoid confusion a distinction should be made between a global 
detailed sequencing method ·and a global loading system. As described 
. 
~y Buff~ [2] a loading system uses a central control point to instruct 
. 
each operation as to what sequencing rule (usually a local one) it 
. . 
should· employ oy_er some future t.ime period. This paper is directed 
. towards global detaiJ.ed sequencing, which ·involves planning "in detail 
. . 
starting and finishing times of each operation to be performed" (2]. 
The term £:!obal sequencin~ will herein . imply global detailed 
sequencing unless otherwise specified. 
3 
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In practice, one of the most important aspects. of sequencing is 
. 
the continuity of the operations - sequencer interface. [1I~te: · 
• 
"Sequencer" vill be used to refer to the computer program which . 
utilizes a given technique to make sequencing decisions.] A con-
. tinuous interface implies~ capability to obtain updated decisions 
from the · sequencer at any time, at each instant if desired. ReaJ.-
• 
. . 
• 
-time control is effected by a continuous interface in that it provides 
for instantaneous e;u.idance of ·the operation in the "action-updated 
.. ,. 
position-decision-action" cycle. In a sense, a local rule might be 
considered as having a continuous interface with the operation. 
. 
A periodic interface is more likely to be present in the case of · 
c) • 
global detailed sequencing. Applying a sequencer on a periodic inter-
face basis removes the capability of real-time control. In this case· 
the system status is updated and provided to the sequencer periodically 
in order to obtain an updated plan, or schedule of events to be 
followed until the time of the next interface. f:,..s long as no dis-
turbances such as machine break.downs occur, the plan can be followed 
exactly. However, as disturbances are encountered, it becomes 
-impossible to execute certain parts of the plan, in which case the 
plan must be modified on a local basis until a new plan is obtained 
·from the sequencer at the next scheduled in~erface. 
From the above definitions it is obvious that the presence of 
sequence disturbances makes the difference between continuous and 
periodic interface sequencing much more important. All s.tuclies kn0'-!1 
to date have either assumed continuous interface sequencing or have 
• 4 
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lessened the effects of periodic ·interface sequenci~g by not con-
• 
' ' 
' 
sidering disruptions to the planned sequences. Global detailed 
sequencing applied in a ''batch" (periodic interface) mode to a system 
subject to sequence disruptions is the primary concern of this thesis • 
. 
. 
Problem Statement 
• 
• }-Tith this background as a basis the obje'ctives · of this s.t~dy can 
now be stated as follows • 
. . '(~) 
• 
• 
• 
• 
. 
. 
Given a global detailed sequencing method, develop a means 
. 
of assessing.its effectiveness if applied on a periodic 
interface basis to a given production system subject to: 
(a) operation disturbances 
- machine breakdowns 
'' 
- product test failures requirj.ng r~pair 
• 
(2) 
• 
- product test failures requiring complete 
construction of replacements (remakes) 
(b) configuration and operation peculiarities 
.·•. 
. 
- sequence-dependent s~tup times 
• 
- heter.ogeneous ·machine capabilities 'Within each 
machine center ._. 
• 
· - lap-phasing possibilities (l 
• 
Apply the testing model so developed to an existing ~hop, 
.using actuaJ. data, to investigate possible benefits to be 
' ' 
gained from applicat~on of the global sequencer to the shop • 
Some unusual requirements on the testing, model are implied by this 
"'" 
" " 
problem statement. First, it must b·e capable of determining the 
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·sequence :cir the.level of disturbance i·s· very high).· .. · 
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·. · ·. A he\lristi·c giobal s~quencing te~h~ique (here.after re:f'et·red. to 
. . ' 
. . . 
as the sequencer) designed by ar.1 electric.al . cable manufacturing 
'· 
. . . . . 
research group was - chosen for study. This particular choice w~s 
• 
. . 
made because r~lated software was already available and also because 
. this sequencer was developed expressly for application to an existing 
cable production ··process. Characteristics of the sequencing technique 
are presented in Chapter III of this paper. 
. ~ 
. 
. . . 
Because of the stochastic aspects to be considered, the complexity 
i~erent in real shop applications, and the nat·ure of the special 
·req~re~ents described above, the method of attack· adopted was simu-
. ' 
• 
lation. Since no existing simulation model was found to meet these 
· requirements, the simulator for testing the sequencer was itself 
des_igned and. constructed as a part of this effort. Details. pertaining 
• 
to t~e simulator· are presented in Chapter IV. . ' 
. .Although iteration and overlapping of the steps occurred, the 
· investigation was conducted according to the following general 
procedure • 
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(4) · riaia. colle.Cti~n, ·interpretation,\i~eparati~n: · · · 
. . .· . . ,· . 
. • . •. I ,. • • 
"(5) · Simulation model construction, verification, etc • 
.. . . 
• 
• • 
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.. " . 
• • 
: . . . . . . ._. ( 6·) ~eq~~ncer mOdificatiOn ruid dat8. ·revaJJipi~g .. 
. . 
. . 
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. . . .. . ... 
. 
· (7) · ·.E;<perimentation . . . 
. . . .. . 
•, 
. . . 
. · . . . . . . 
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· · ··ca> .fmaly~is and conclusions -
. . . 
• • 
. . 
. . . . 
. . . 
. . •. 
. .. 
. . 
. 
. . 
. 
• . . 
• 
. . 
• 
• 
. , 
• 
. . 
. . it is: believed· ·that ·the sim~ati~n· moaei· developed is general 
. . . 
·enough to.,apply to a variety of job shops, flov_·shops, or quasi-fl6w 
. . 
,. 
· Shops. However, discussion herein is oriented to the specific problem 
• 
-at hand. The specific shop chosen for investigation can be cbaracter-
·ized as a quasi-flow shop where jobs a1·e released to the shop in 
week~ batches. Chapter III is devoted to a more complete description 
of this shop as·well as the sequencer under study. 
~ 
It should b~ pointed out tl1at due to the proprietary nature of 
the data involved, all results are presented _here in" coded form • 
Care has been taken to maintain proper relationships runong the various 
results in spite of the modif1cations in absolute values • 
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CHAPrER II 
• 
• 
• 
RE,'VIEW OF RELATED LITERATURE 
.. 
• 
• 
. N11merous books and papers on the subject o~ simulation studies 
of shop scheduling and sequencing are available. For excellent 
summaries of earlier wo~k the reader is referred to Moore and 
. 
. Wilson [11) and Mellor [10]. Both of these sourc~, the more 
. 
si~ificB.11t preyious. studies. Less compre]:ie i ve but more detailed 
'~? 
accounts of previous work can be found in Bu . a --!:r and in Buffa and 
• 
Taubert [ 3). , 
Among.:sthe more noted studies are those reported by Conway [5 ,6], 
. 
Nanot [12], Russo [16], Steinhoff [18], Nelson [13), Allen [1], 
• 
Gere [8], and Conway and Maxwell (7). Some assumptions which are no~ 
made in this thesis but which are common to all these previous works 
are: 
, 
- sequenee-independent setup times f 
. 
' ~ 
- no machine breakdo'W!ls 
• 
- no product failures or repairs • 
Also, only job shops are considered in these studies, except in the 
• 
case of Nanot [12], vho studied various shop flow patterns ranging 
• 
( . 
from pure job shop types to pure flow shop types. However, ?Ianot 
dealt only with local rules. On the other hand, Conway did give. 
. 
consideration to some non-local ruJ.es such as shortest processing 
time with adjustment for v1ork content at the next queue but studied 
only a simple job shop with only one machine at each work center. 
.\, 
Althoue;h Nelso11 [13] and Allen [1] examined centralized controls of 
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labor· activities· and considered mult;i.ple. machines within each group, 
• 
. ' 
• 
• • 
all the queueing disciplines were local. 
• • 
.• 
• . .. 
• 
• 
. 
. . . 
When attention is limited to global rules, little documentation 
.. 
is available. Gere [8] describes the. deveiopment of a heuristic 
global detailed sequencer but there are no reports of testing the 
. . . 
. 
behavior ·of the mechanism under dynamic conditions • 
. 
. 
presented DY Gere_ a.r6:;,-based on execution of tlie planned sequences. 
' ...___ •l 
. 
·without interferences from ma.chine breakdowns, etc. 
There are a few records of actual installation and use of 
. global sequenci_ng systems. Again, the attention has been directed 
. 
totally towards job shop environments. A report of 8: successfully 
implemented globaJ. detailed scheduler has been made by Reiter [15). 
. . 
However, the rules involved are limited to centralized planning 
using local relative slack priorities. Although this system has 
apparently proved useful, the absence of simulation experiments has 
kept knowledge of its performance characteristics to a minimum. 
Another global sequencing model which has received primary 
attention in the literature is that presented by Steinhoff [18] 'and 
Bulkin, Colley, and Steinhoff [4]. This model, too, applies to a 
job shop environment. It does not issue detai1ed schedules and can 
I 
be classified m9re accurately as a loa~ng system which utilizes a 
\ . . . 
central control point from which to issue local rule instructio11s 
to each machine center. Here \~gain, evaluation of the model via 
.. l 
simulation of dynamic application has not been recorded. 
• 
In the more general area of periodic inte1--facing with planning 
mecl1a.nisms, there are even fewer reported results~ One such 
• 
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. 
investigation vas done by Schwimer [17). This vork is co
ncerned mostly 
. 
. . 
• 
• through the 
1 of· iterative use 
with improvement o~ overall performance 
. 
. 
feedback from a detailed lower level planni
ng· activity to an aggregate 
l_evel pl·anning activity. Simulation of detailed acti vi tics
 Qr of 
dist~bances acc.identa.lly upsetting the pla
n is not involved. 
A very recent study · reported by Lee and Kh
umavala [ 9] also falls 
. 
into the general category of dynamic intera
cti.on between a high level 
• 
.... 
. 
~ 
planning device and its object executing ·system. T
his study addl·esses. 
periodic use of various decision ru:les sug
g~sted in the literature for 
. 
corporate level__·production planning. How
ever, no detailed study of 
. 
.. 
the subsequent operations themselves is in
dicated; neither a.re possibl_·e, 
effect·s of process disturbances examjned. 
In smmnary, much work has already been don
e in the area ··or shop 
sequencing. However, there is still a de~
inite need for continued 
efforts in this area since none of the pre
vious vork addresses the 
effects of disturbances to the planned s
equence and attention has been 
limited in general to simple systems and l
ocal decision r"ules. 
Furthermore, very few attempts have been m
ade to examine the behavior 
of complex planning devices or· any kind when
 applied on a periodic 
basis to a dynamic system subject to disturbances . 
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• 
• I 
.- " 
C}lfiRACTERIZING THE SHOP AND TlIE J SEQUENCER ~ ' . . 
• 
. . 
Introduction 
• 
. . 
('' ,, 
.. 
-. 
.. ... 
.. , . 
• 
. ~ 
. ·• 
As with every simulation model :co.nstruction the initial task here 
. 
was to pinpoint the salient features of the system and the processes 
to be modeled • In this particular ease there are two basic subsystems 
• 
. . 
to consider: the ~hop itself',. and the ~~quencing mechanism. _Modeling 
• I • 
their interaction requires basic understanding of each subsystem. . The 
. . 
remainder of this chapter is devoted to a description of the important 
characteristics of both of these subsystems • 
piaracterizing the Shop •. ., • 
A. The Production Process 
The shop chosen for study is an electrical cable manufacturing 
• /plant. Figure 1 summarizes the general shop flow, with rep.air job 
• 
• 
flow omitted for clarity. First wire is drawn from either copper or 
aluminum rod into various ga~ges. Then the drawn wire is insulated, 
twisted together in_pairs, and placed in'the twisted wire buffer 
inventory. The ne~ ope:ration, stranding, consists of laying a 
• • 
number of twisted pairs together in a helical pattern to form a 
larger strand of' cable. Stranding is normally the first operation 
where output can be identified with customer orders. A customer order 
is described by t~e n1miber of twisted pairs it contains ("p-air size"),. 
the wire gauge and material, the length, the type of sheath or outer 
covering,- and the dej.i very date. The maximum continuous length of 
• 
a strand is limited by the stand_ard length of twis'ted pairs for each · 
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is t~/~~~c: ~it ~, ;ork -~o~side;~d- i~ the ~~quencer. 
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For s·nia.1~ pair sizes the stranded· procluct actua11y· constitute·s . 
. . . . 
• 
... 
. . 
. : .· . . . 
. . . 
. . 
• 
. . 
• 
• 
. . 
. . 
.. \he entire c·ond~ctor p'ortion or· the cable, called the "core~" That is, 
·• 
.. 
• . . 
. . . 
. 
. 
. 
•• 
. . . . .. . . . . 
. :· . ~~er. p~ssing in~pecti"on it. go~s directly to .the .. sheathing. operation. 
. . . . . . . . . . . . . . . . . . . . . . 
. . 
. . . 
. . . . ' . . . . . . . . 
· F~·r larger. pair sizes an· additional operation, -~abli~g, is required. 
. . . . . : . 
. . . . . 
.A.··c·abling machin~ takes several strande; ·produ~ts· ( c~led "uni ts"·. in . 
. . 
. . 
thi~· case)~ and further twists' or "cables' If th~m togeth~r. in order 
. . 
to obtain a core.with the specified pair size. Cabled cores are 
.. 
· subjected to. a sampling inspection and then passed·· on to the sheathing 
machines. 
After sheathing is complete, cables are cut·to customer ordered 
lengths end sent to the final test area. A job failing one of the 
\ . 
'-· -
intermediate inspections is always sent to the repair area before 
moving to the next operation, but a job faili!lg final test may require 
a ~omplete replacement order, or a "remake." 
• 
B. The Shop Configuration 
As far ~s the actual shop'size is concerned, there are 30 
• 
. 
ma.chines in total as listed below. 
Stranders 9 . . 
. 
• 
• Cablers 3 • 
.. 
• 
Sheathers 9 . 
. 
. 
•· . 
In-process Test 2 
• 
. 
.• 
. . • . 
Repair ?-1achines 7 • 
. . . 
. . 
. . 
Total 30 
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· Final test is excluded here since it is not addressed :in detS.il in 
the study.. The main concern with final test is an announcement ·ot· 
. 
. . . 
•. 
' . remake requirements tO the stranding operation at the beginning Of · 
y • . 
. . 
· each shi1't. Note also that the wire twisting and wire drawing opera-
tions. are not incltided. Tll,is is due to the. fact that the sequencer 
- •.. 
. ~- ' 
. " 
• 
. 
•: .,: . . ·- . 
• 
• 
operates on vork identif~ed with customer orders . ~ ~·· . Such identification 
• 
• 
• • 
.. 
begins ONly at stranding. .. . 
. . 
. 
The t'lov of jobs through th~ shop is rather simple from an . . ' 
. . . 
.... 
. . 
overall point of view. However, detailed routing of a job is· compli-• 
. 
. 
cated considerably by the fact that each machine within a center has 
its own unique set of feasible setup capabilities. Tpis is especially 
. 
true at the stranding and sheathing operations. There is usually 
• 
·some overlap of capabilities among machines vi thin each ma.chine center, 
but it is not uncommon to have joba which can be processed ~nly by one 
specific machine. A portion of the stranding machine capabilities is 
. '· 
shown in Table A to illustrate this point. 
C. The Demand Characteristics 
Orders are sent to the shop.each week from a central.company 
• 
• location which is responsible for coordinating all the company's cable 
production at the several plants. The orders are grouped into batches 
designed for a week's production by a mathematical programn:?ing method . 
. . 
Demand is usually known to the shop three to four veeks. in advance ; 
-1, . . 
that is, orders are released to the sho~ three to four weeks before 
they are due for completion. 
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• TABLE A 
• • 
A Portion of the Stranding J'1achine Capabilities 
• 
.. 
Machine· 
Setup 
' 
"1pe Ill 1/2 #3 #4 1/5 116 r· 
• 
. . 
a • 
·x 
• 
• 
. . 
b .. X 
• 
• 
C X 
d X X X x~ X 
• 
. '-~e X X X X X • 
f X x· X X X 
g X X X 
h X X X 
i X X X 
• 
X 
k X X ·x X X X 
l X X X X 
• 
m· X 
I • 
X X f 
n X X X 
• 
X indicates a feasible setup on the given machine • 
I 
• 
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Orders are fully described by s:pecifying length, delivery date, 
. . . . . . 
. 
. 
and product tYPe code (referred to as "comcode") •. Each. com~ode · 
. 
. 
• 
• 
identifies a unique c·ombination of wire gauge, pair size~ and sheathil}g 
.. 
. 
mate~ia.1 in a cable. On the average about 250 strander- loads are 
required.to fulfill a week's orders. Of the more than 300 comcodes 
• 
prod'l!ced·by this plant, only 127 comcodes were produced during the 
• 
period· of this inyesti gation. Of these 127 . c6mcodes , · approximately 
70 different comcode~ were required during any given week. It was 
found that production of these 127 comcodes required 23 different 
machine setup codes at stranding, 32 'at cabling, and 58 at sheathing. 
. 
As will be explained later, d.iversity_of product codes and machine 
• 
• 
setup ·codes presented considerable difficulty to the original se-
• 
quencing procedure and led to several improvements. 
D. Other Operating Characteristics 
The plant's standard work week consists of five days, three shifts 
per day. Overtime is scheduled on the weekends as necessary to meet 
job delivery dates. Meeting of delivery dates is heavily einpbasized 
in the company's cable plants.· During the period under study, monthly 
overtime usage ranged from a minimum of 26% of total standard hollrs 
worked to a maximum of 36% due to efforts to maintain very high service 
• 
. ' 
levels. 
. 
In order to model the machine maintenance feat-ures of the shop, 
. 
maintenance records covering a six-month period were examined for each 
machine. The findings were contrary to the standard assumptions 
usually made about breakdown and repair time distributions. The times 
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. . for repair are approximately exponential and vary s~gnificaritly 
• 
• between machine centers·. Second. order· Erla...'1g. distributions were found 
• . 
to b~ acce.ptable appr~ximations of the times between breekdowns. · 
. . 
Another iDlporta"lt characteristic· of this and other. cable shops is 
• 
.. 
that .theY .. are primarily machine~limited rather than labor-limited. The 
machine time and material costs account fo:r a vecy' high majority of the· 
. . 
• 
·cable· pro4ucti·on ~~sts . 
. . . . 
Characteristics of the Seauencer 
/ 
• 
• 
. . ' 
. .. 
. : 
. 
• 
-
The cable shop sequencer utilized in this study was developed by 
a company rese·~r~h group working in cooperation vi.th another one of 
. \· . 
the company's cable manufacturing plants. This sequencer is .a global 
~ . ,:: ., , . . 
• 
• 
type in that it·p~epares ·coordinated plans for the entire shop rather 
. . 
than for each machine independently. It gives consideration to shop 
status downstre~ as vell as across stream to control shop flow when 
ass_igni!lg work. For example, jobs are assigned so as to achieve 
smooth flow between stranding and sheathing without violating work.;:_in-
process inventory constraints, etc. Many of the features defined and 
t 
proposed by Gere [8) are present in the sequencer, including "look 
. 
ahead," insert, and time-transcending plans. At this point in time 
the sequencer has not been fully i•lemented anywhere in the company; 
hence the lack of knowledge .. about its behavior in a dyne.ml c setting 
II" 
Given some set of jobs (strander loaq.s), their present positions. 
in the shop, and the current stat us of machines in ··the shop, .the 
sequencel' uses heuristic algorithms to generate a detailed start-
finish type ~equence over a specified time frame. Th~ sequencer 
• 
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assumes· that the jobs it receives have already been selected for the.· 
• () 
' . 
current veek·' s production by some scheduling device. · As· previously 
mentioned, the sequencer applies to the stranding; cabli~g,_ sheathing, 
and,. test.ing operations. · It is not concerned with operations prior to 
. stranding . 
~- . 
. . 
~-. 
\ 
• I • 
• 
• 
.· ... 
• 
I 
• 
."n 
• 
• 
• 
.. .-... 
·, ... ~ ., 
. . 
"· 
• 
. . 
. In addition _to· the dynamic job ·and shop status information., the 
sequencer utilizes machine rates peculiar to each cable type ( comcode) , 
• 
. 
machine. feasible setup capabilities, routing for each comcode, ·and 
.  
other more or less ·static information. Various input control para-
meters can be s·et so -as to produce planned sequences meeting reasonable 
specified levels for the following four operating criteria. 
(i) 
(2) 
" 
(3) 
(4) 
• 
Service level · 
Machine utilization 
In-process· inventory 
Frequency of setup changes 
.. 
Obviously, all four of these cannot be optimized at. the same time. 
.. 
Instead, the sequencer control parame~ers are intended for flexibility • 
in emphasizing certain of these measures. For example, if in ·appli-
cation the· need arose to decre·ase the in-process inventory at certain • 
• points, then by resetting control parameters the shop managers coul.d 
. 
produce sequences (plans) to meet this requirement. Previous experi-
mentation, although under static conditions and using estimated.data, 
has given some indication that the plans generated by the sequencer 
can indeed be so controlled by the input parameters. This shop control 
flexibility is held by proponents of the sequencer to be its most 
attractive feature. 
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• In addition to these control parameters, the·s~quencer uses a 
. . 
. . . 
· two-part job priority scheme to expedite jobs whtch are ~or~ likely 
. . 
• 
. 
to miss delivery dates. Each Job is ass_igned a base priority value 
.. • 
. . 
calculated from the number of operations remaining and the time: · 
,. 
remai_ning ·until the job is due. Different comcodes tie up diff.e_~ent ... 
amounts o·r in-process transporting facilities ·and have different pr~-
• 
babil-ities of req~iring some repair work. Because of this each job ,·s · 
. . base priority is ~her modified accord.ing to such characteristics 
of its particular comcode. 
.. 
Current versions of the sequencer are wri t·ten in FORTRAN and 
. 
require between 20K and 40K words of core storage, d~pending on the 
. . 
problein size and complexity. A real-time data gathering system would 
be required in order to maintain updated job and shop status infor-
mation for the sequencer. Some thought of real-time sequence control 
by the sequencer has been expressed, although the current consensus is 
that some sort of batch operation is more likely to be realized. 
Some further characteristics of the sequencer were made obvious 
during the exp~rimentation phase of this investigation. These 
characteristics are discussed later as they become necessary for · 
clarity. 
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Introduction 
. 
. 
• 
• 
.CHAPTER IV 
• 
SIMULATION MODEL DEVELOPMENT 
• . 
• • 
• . 
_6 
·. The simulation is written in GASPU, a new version of GASP, and 
• 
is designed to run loc~ rules and to accept instructions from a global 
. 
. seque~cer if so desired. No previous attempts had been made to design 
~ 
a simulator for the specific purpose at hand. Thus the complete . . . . . 
. 
des_ign and construction of the simulation model was done as a part of 
\Y 
· this thesis project. 
As stated earlier the objective of the simulation is to provide 
a means of modeling the dynamic behavior of a flow shop which employs 
. a global detailed sequencer on a periodic interface basis. Since the 
simulator is intended as a future investigative tool possibly to be 
0 
applied to other shops within the company, care was taken to make it 
flexible and somewhat general in form. Tailoring to the specific 
shop can be handled almost entirely outside the program by changes 
to the input data. Also, conversion to str~ctly local rules is easily 
.,. done by smaJ.l changes i11 input if desired. This flexibility later 
• 
proved very valuable during the e.xperireentation phase. 
~eneraJ. Program Structure 
• 
The general structure of the model system is illustrated in 
. 
. 
• 
Note that the flow of information and action_ here is es-
sentially the same as would be expected in actual application. First 
the current job and shop status is supplied to the sequencer and a 
plan is then generated. The shop receives the detailed schedule and 
• 
• 
• 
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• attempts to follow it as cl~sely·as possi~le. As-l9ng -as·no· jobs fail 
. . 
tests· and no machine breakdowns or other disturb·ances occur, the plan · 
. 
• 
• 
', . . 
can be followed exactly. However, each time a disturbance is en~ 
countered a decision must be made by·a. machine operator-or supervisor 
• 
on t~e shop floor without any new instructions from the sequencer •. 
() 
. This process o-f trying to execute th·e given sequence continues until 
the next sc.heduled re-sequencing occur_s. · At this time· updated job and 
. shop status i~formation is provided to the sequencer and . th~ cycle 
· begins again • 
. 
There are three program modules involved. As shown in Figure 2 .... 
. 
a main program is used to transfer control back and forth between the 
~ 
• 
sequencer and the simulator .. Actually, the simulator controls the 
execution thro~gh a small COMMON block with the main program. Because 
of computer core limi. tat ions, core overlays are used, one for the 
. ,. 
sequencer and one for the simulator. ~ly the small main program is 
u 
... 
resident in core, the communication between tl1e simulator and the 
sequencer being through disk. This arrange~ent has the advantage of 
' 
aJ J owing minimal interdependence between the two models. Only input-
. output specifications need be observed to allow communication. The 
simulator thus does not require modification every. time changes are 
made in any of the sequencer heuri-stics. This independence was 
. 
essential since the sequencer wits still undergoing changes. during the 
simulation study. .. 
Detailed Progr8.!Il Structure 
The reader may find a basic knowledge of" GASP helpful, in under-
. ' 
.. 
standing certain aspects of the detail program structure. He is 
• 
• 
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referred to Chapt.ers 1-3 of .Simul.ation With GJ\SP II by A. A. ·.-B. 
Pritsker and P. J. Kiviat [~4] for this purpose. • •. 
• 
The GASPU event subroutines used in the simulator ~e s11mmari zed 
. 
in Table B. Note that s,t.JBROUTINE STRl'J represents on1y attempted 
starts of jobs. Due .to disturbances in the. shop, there is no 
guarantee· that jobs and mac}:iines will be availabie· as planned by the 
• . 
When a planned job start -is encountered, checks must be • sequencer. 
• 
• 
made for job and machine availability. 
In addition to these event routines, several supporting routine·s 
are required. Some of these routines are described in Table c . 
Special attention i.s directed to SUBROlJrINE JOCKY, f~r it is perhaps 
. 
the most important of all. It is used·to simulate each machine 
operator's efforts to find work (scheduled or unscheduled) for his 
machine. As long as a job scheduled by the sequencer for the parti-
cular machine is available, it will be chosen. Otherwise, a sear~h 
is conducted for jobs available and not already scheduled for another 
machine. When many di~turbances are encountered, or when it is 
desired to run with only local rules, the JOCKY routine becomes the 
driving force for the entire simulation. • 
.. 
An outline of the GASP-NSET file scheme is given below • 
\ , . 
.•. 
-·~ ·.• 
File 
1 
2,-10 
11-40 
. . 
• 
• . >· 
I 
• . 
•. . 
Contents 
Scheduled events. 
Job queues at the various machine centers~ 
Jobs currently on macl1ines. Each ma.chine 
has a corresponding.file. 
Jobs ready for input to the sequenc_er, 
Jobs requiring remake replacements • 
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Subroutine 
INDAT 
INTRP 
.. RESEQ 
LOADR 
GONOW 
JOCKY 
• 
• 
. :.._ ... :,.-.; 
.. 
• 
• 
• 
• 
.. 
.,,_,.. •-a.'-•·'-'*-·•'""'•·-,_,.-,.,~ -'-(-0,-.,,...,~,• ,,._.,,-,,,.,i.,,,,Oi"'f~-"'"''"'''"~....,.~-,-............ ,, __ ,,,,.-,.w,.,•,.~;_.., . ..,~,.,,.A,~ _,, , •. ..,.,,, .,,_...-,,-~""•"•'~- ••~·• ~'"·· -• • .,,.,... <'•<- ,,..,,:..,, • .-~,.,. ,., ,, ., '"•" ,,oe ,._, , ......... ":,iLo,1,lao,~••,.,_, . ., H>-·f-""'"•""· ..... ,_;.,\ .. _...,."1,l){"';o.lJII.> •.f',iJ<.!>'.>tl' , 
• 
• 
.. 
' • 
• 
• 
• • 
TABLE C ••. 
• • 
• 
· ~ome Supporting Subroutines 
• 
• 
Function 
Special data input routine to complement 
the standard GASPU data input routine • 
• 
. . ' 
• 
• 
• 
Interprets sequencer plan into GASPU events. 
Prepares input fil~s for the sequencer. 
Announces future weekly demands to the shop 
as "dove-tailing" becomes necessary to_ 
avoid idleness at stranding. 
Actually starts an operation on a machine 
once the job and machine availability have 
been confirmed . 
• 
. • 
Finds work for machines as they become 
available for use. 
• 
• 
• 
• 
• 
• 
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The sequencer expect_s jobs. to be sorted in a certain· manner. Just 
• 
. prior, to each request. for a new plan, SUBROUTINE RESEQ actually 
transfers all jobs in the shop to file n11rnber 41 in order to so 
arrange them for input to the sequencer • 
The cable shop oper~ates on a weekly basis as far as performance 
. 
end loading is concerned. Th·us the ·simulator is set up _to provi·de all 
statistical. output on a weekly b.asis. At the end of each simulated 
.t 
• 
' -
week·statistics are collected and print~d for the following items • 
~a. : Standard and overtime hours worked. 
b. Production rate (million conductor feet per hour). 
c·. ·. Se!vice level realized ( % of jobs delivered Oil time). 
• d. Jobs delivered late, jobs still overdue, average lateness. 
• 
• 
e. System throughput times { from strand to end of sheath). 
t. Wait times in each queue • 
g. Queue sizes. 
• 
h. Work-in-process by machine center. 
i. Machine utilization-~ (individual and s11mma.ry). 
j. Frequency of setups by machine center. 
• • k. Time lost to setups by machine center. 
,, 
.l: 
1. Quality of output realized from each operation • 
m. Downtime% realized for each machine • 
Special Design Considerations 
. ..... 
..• 
Because of the need to follow the planned sequence as clo~ely as 
possible, some special attributes are required in the GASP-NSET files. 
Two such attributes are: 
• 
;. 
.. 
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• • 
. (l) 14achine-Start Time Code = · (J.1achinc Number x 10000) 
. ' . . 
• 
... 
. . -
. . 
. . 
. 
. 
. . 
. . , . 
. . . . 
. . . 
.. 
' . . 
• 
. . . 
. . 
. . 
. . 
. 
. . 
• 
• 
. 
I ' 
' . 
• 
. . 
+ Job Start Time 
. 
(2)" Job-Machine Center Code = (Job Number x 100) 
> 
+ Ma.chine Center Ni1mber 
. The macl1ine-start time code is used as a tag 'for jobs in queue which 
. . ha.ye a spe~ifi.c. sta~t time prescribed ~y t~e .~equencer. lfuen 
SUBROUTINE JOCKY is called by a ~achine· looking for vork, it avoids 
. - . . 
violating the planned sequence by not choosing a job tagged for another 
machine. The j,ob-machine center code is used to trace through the 
sequence prescribed ·ror any given job. This allows for re-tagging 
' . 
of jobs as they move from one machine center to the next. 
Not all the cable shop operation times are functions of the cable 
• length. To allow flexibility in simulating service times, the simu-
lator accepts as input a speci~ication of type of operation for each 
machine center. Three operation time functions are allowed. 
• ' (1.) Operation time is ·a function of linear footage and product 
code • 
. 
• 
• 
(2) Operation. time • by product code· but not by le11gth. varies 
• 
(3) Operation time • a constant-delay. All jobs in the 1S queue 
can be considered to be in service at the same time. 
. . 
. . 
Although only certain operations are referred to as "te_sts," a 
job may be sent to repair after service at any machine center. This is 
., 
_necessary to allow for sampling spot checks and operator visual fault 
detection. A probability of fault detection is specified for each 
macl1ine center as 'input to the model. 
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One additional special consideration is required because of the 
• 
shop.' s demand schedule. Each week's demand has supposedly been as-
• 
:signed to th·e shop by a balancing algorithm which takes into accoW1t 
the shop's capacity, product mix restrictions,and operating schedule • 
In order to study the dynamics of the shop under these conditions, 
• 
. 
using the actual job demands for each week, a calendar of the s~op's 
p;roduction _time for each week i·s utilized. The calendar indicates 
. 
for each week the number of standard shifts aii"d the maximum allowable 
number of overtime ·shifts which can be used if needed to meet deli very 
. 
commjtments. 
The following list reflects the basic assumptions made during 
the model development. 
;) 
Labor is available as needed. 
Setup changes may begin before the job arrives. 
(1) 
(2) 
·(3) 
(lt) 
· Transportation times between centers are not signifi~ant. 
\ 
I 
,! 
No preempting is allowed • 
• 
. 
(5) Coordination between str~-riding and the wire shop can be 
used to make twisted· wire available as required at stranding. 
C-6) A work shift consists of 7,5 production hours. • 
Model Verification and Validation 
The·model verification was done in two phases. First, the 
simulator was run under deterministic conditions, allowing no distur-
'· 
' ,. 
bances, The purpose of this was to ensure that the · simulator could 
properly f.ollow a planned sequence. Second, tl1e simulation. was 
$~~j.ectt~d to specific "controlled" disturbances, such as preloaded 
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c, 
• 
• 
machine breakdowns, to ve~ify that the model could correctly adjust 
• . . 
. 
for ca~es where the planned sequence was not executable • 
jJ 
The present sequencing methods used by the shop are extremely 
subjective and generally consist of ''fire-fighting" efforts to 
alleviate some particular problem existing at the moment. Modeling 
the current methods is not an·· objective of this simulation; instead, 
• 
this particular simulation i::, predictive in nature, .relating to 
• • 
what· might be expe.cted to happen under an extensive change in current 
. 
operations, i.e. , changing over to a computerized global sequencing 
technique. Because no shop presently utilizes the sequencer under 
investigation here and because of the subjectivity of current se-
quencing decisions, statistical model validation was not attempted in 
this case. 
• 
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• 
• 
• • 
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• aIAPTER V 
• 
EXPERIMENTATION A"lD. RESULTS h. 
. 
• Introduction 
• 
• 
• 
. 
• 
.. 
•• 
• 
. 
• • 
• 
. 
• . 
The results· of this thesis fall into two general categories·: 
. 
. 
• 
. . 
. 
• 
those pertaining to the effectiveness of the sequencer applied to a 
dynemjc shop and those pertaining to the operating requirements and 
.. 
limitations of the sequencing procedure.· The initial phase of 
experimentation·consisted of applying the-sequencer to actual shop 
data, but only in a static mode. The value of these experiments 
lies in their identification of limitations and potential trouble 
. . 
areas in actual application of the sequencer. Experiments prior 
. 
; ' .. _,::; . .r...... ~ 
. . to this thesis were concerned with some\arhat less complex problems 
• 
• 
. 
. . 
based on estimated data used in developmental stages of the sequencer. 
• 
The second ph~se of experimentation was conducted with both 
the sequencer and the simulator in studying the dynamics of the 
application. Most of the results of the second phase relate to 
" 
sequencer effectiveness, but here again some restrictions of the 
sequencer were made evident. 
In.some cases where limitations of the sequencer were manifest, 
they were later removed through modifications to the.originaJ. 
sequencer. Those which could not be .removed without si_gnificant 
re-programrolng were relieved insofar as poss~ble by simplification • 
or reduction o~ the shop input data and problem scope. In the. 
interest of providing some insight into these limi tatio11s and to 
· ill.ustrate how some such limitations may be overcome, the 
presentation of results will be divided along the lines of the two • 
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general categories described above. 
• • . .• . 
• • 
•• • Results Relatin~ Seg~encer QEe··rating to the Characteristics 
• 
. 
. Although several operational problems-with the sequencer were 
. .• 
• 
related encountered, those most closely to feasibility of implemen-
tation are concerned with: . 
. 
. • 
. 
- Sh~p flow patterri flexibility 
' 
• ~ Response· times* • 
. . • 
. 
. 
. . 
. . . 
Management and storage of input i·nf ormati on. • C -
One of the original ques~ions concerning the sequencer operations_ 
. . 
aros~ during the shop characterization study. Discussion with the . . 
engineers at the subject plant revealed that·. in-process testing does 
. 
. not fall at the .sam·e position in the proces~ at each cable plant •. 
Whereas the shop under study has one test after stranding and another 
· after cabling (FIGURE 1, CHAPTER III) , the plant originally involved 
.. in the development of the sequencer defers both in-process tests until 
:just before sheathing·(FIGURE 3). Consequently the flow pattern of 
· the shop studied here and the flow pattern assumed by the sequencer 
, 
are not compatible. This is not to say that the sequencer cannot 
cope with the difference in placement of the test operation. It ~oes, 
however, require considerably more computation time. With loads of 
50-70 jobs to schedule, sequences were generated in two minutes or 
· less, even with the conflict in routing for tests. However, 
· response times often went well over one hour when the number of jobs 
* All experiments presented herein were run on a PDP-10 computer • Obviously, times will vary between computers. 
• • 
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. ~e~~ded to· first experiment with ·a model- shop·. routing patt~ern · .ag·r~~ing · .. • . .. 
• 
,, 
. . 
• 
. . . . 
. . . 
. . . . 
. .. . . 
. I • • , ' • • • • . 
· . .'. · .... ·:· .. w·ith that .inh~rent. in. the sequencer· (.~GtJm;- 3). Since the simulator 
. . . 
. . . . 
. ' .. 
. 
, . 
. . . 
. . • • 
. . 
has.the capability of generating specifi~-levels of product failures 
. . 
·. ? • 
• 
. . . 
. 
. . . 
. . . at any operation it· is felt th.at movement of the ~~st deiey doe.s not 
. 
. . ·. 
. 
. . 
. . 
. 
. . . 
' •. . . 
. . 
. 
. 
. . . . 
. . . . 
•. . .. 
. . . . 
. 
significantiy. hinder proper. incorpor.ati~n of the di.st'lirbance effects 
. -
. . . . . . . . 
of re-routing jobs ·temporarily· to the re_pai_r· section·. Followir1_g. 
• 
.  
. . 
. 
-~he ~hange in· product flow the s~quencer response times decreased by 
. . . 
'I~·' . . 
. . 
about 25% for larger· problems but . remained aJ most the same for smaller 
. problems. 
.. 
. . \· 
. . . . 
Since th~ shop runs between 175 and 260 jobs per week, the times 
• 
.. 
.. 
for computation stlll appeared too high for resequencing at reasonably 
short intervals. The problem appeared much worse when dove-tailing 
-r· 
• . was considered. With dove-tailing the total number of jobs involved 
.at any given ins·tant might be considerably higher than the _weekly 
maximum of 260 • 
• 
· · At ·this juncture it was obvious that some means of improving the 
~ sequencer computation times was essential to the planned simulation 
• 
• 
studies as well as to any actual application. Intui:tive answers 
• 
vere offer~d by the sequencer development team and subsequent 
. . 
experimentation was conducted. Four additional factors were found 
• 
to have a significant effect on the sequencer response time. Increases 
in response time resulted from: 
.. 
(a) • • the number of different product codes involved 1ncreas1ng 
(b) increasing the -number of different machine setup codes 
. 
involved 
. . 
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·Of these fac·to·rs. the hori zori time is· the simplest · ~o control· an~ was 
. 
.. .. 
, 
.. . 
. · 'the next area of 'investigati·on.. -~t _was•: found tl1at in~·reasin'g the • 
.. 
. •. . . 
. 
. 
. . 
~ 
• 
. . 
• • 
. . . . 
. 
. . 
. . bori~on tir~~, and th-us allowing. more "slack" in-· the sequence, 1ea. _to 
• 
. 
. 
. decreases in res'ponse· time. However, as the n11mber of jobs was 
. . . .· 
in~·rease:d, this appr.oach ·became le.ss effect~ve. Using the maximum 
. horizon time acceptable ·to the sequencer ( 200 ho~s) .still often · 
required excessive computation times under loads. of 150-200 jobs·. 
The remaining factors (a, b, d) relating to the response time 
a.re all affected in some way by the size and mix of the demand. It 
·· . was noted previously that certain am.01mts of machine-to-product 
dedication existed in the shop at the stranding and. sheathing oper-
ations. These observations led to the idea of examining the shop in 
' 
. tvo partitions, each partition consisting of a subset of the machines 
at each center along with a corresponding subset of the product codes 
• 
', 
in the demand. Several partitionings were examined for feasibility 
. 
. 
. by. using ·th_e simulator and only local sequencing rules. It was · 
found that a di vis~on between those products requiring a cabling 
. 
. 
operation and those not requiring cabling could be made reasonably 
we11·. The partition containing the jobs needing cabling vas chosen 
£or further investigation since it presents the more difficult 
· sequencing problem. Also, wl1ile this partition represents only 
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·about li1% of the jobs by number, it accounts for 10% of the MCJt, 
• (million conductor feet) in the demand. ·As shown below this scheme 
produced desirable cht;nges in some of the response time factors. 
. FAcrOR FULL SCALE LEVEL PARI'ITIOrr LEVEL 
JA.aximum number .of product codes 127 54 
Maximum number of setup· _codes 113 8o 
Numbe~ of Jobs per Week 175-260 8o-i20 
. 
' 
-Note that a favorable effect also results in factor d above. Dealing 
. 
with fewer product codes decreas~s the total number of jobs involved, 
. 
which in turn reduces the number of jobs waiting at strand machines 
· included in the ~artition • 
. . .. :;-- . 
Concurrent with these reductions in the problem scale a modifi-
catio11 was made in the sequencer its elf to further reduce response 
time. The previous approach had been to schedule all activities 
required to completely process every job. It was pointed out that in 
dynamic application this was not_ necessary si.nce only the early portion 
of the sequence would be executed before a 11ew sequence would be 
• requested. The modified sequencer can be set to terminate as soon as 
some specified early portion of the sequence is complete, regardless 
• 
• 
of whether all jobs have been completely sequenced. 
. With ~l1ese changes ( the modified flow, the shop partitioning, 
and the early sequence termination) the sequen_cer response times were 
. driven to a more acceptable level. Sample readings taken from the ) 
later simulation experiments on a PDP-10 computer are plotted in 
FIGURES 1!_ and 2.· Note that as the number of jobs ( or jobs at strand) 
increases the resp~nse times increase non-linearly. Also note that 
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from this sample the n~ber of jobs at strand appears to be as influ-
ential on response times as is the total number of jobs. 
. 
. 
.. 
• 
During the data. pr·eparation some prob'lems with managing ·the. 
• 
• input data require~ to support the sequencer mechanism were encount-
ered. The most significant _of these was related to the scheme f'or -r 
handling machine setup changes and change-over times. Under the 
. 
previous scheme almost 5000 pairs o·f setups and their ·transition 
·1 times ,;ould have had to be enumerated (mostly by hand) in. order to .·. 
represent the shop being studied. Also, during execut·ion of the 
sequencer, it would have been necessary to reserve almost 13K words 
of core storage ju~t for setup change information alone. Some 
programming modificati~ns were made to bring down the volumes of input 
and storage required. Only 400 setup changes had to be enumerated 
and only 0.5 K words of core storage were necessary a~er the modi-
fication. Although this was a relatively simple modification, it 
removed some encumbrances which could make the sequencer unworkable 
I, in a real application. 
Results Relating to Sequencer Effectiveness 
TABLE D contains a summary of the results taken from the later 
• 
• simulation experiments. Although many more experiments were 1 done, 
most of the earlier ones were conducted in attempting to find a 
workable partition of the shop facilities and d~mand. In order to 
conserve computer time these earlier experiments were conducted with 
local rules, thus by-passing the global seq1J,encer. : Wh~reas only 4. 5 
minutes were usually required .to simulate seven weeks of shop time 
with local rules·, later runs including the sequencer required about I 
• 
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TABLE D 
• 
. 
. . 
. . 
• 
~~ary of Simulation Results 
• 
. 
• 
OVERI1I?-IE 
• 
.. 
• 
· (% of Standard Ti_me) 
SERVI CE LEVEL ( % Loads on Time) · 
. . . 
AVERAGE LATE11ESS PER LATE LOAD (Weeks) 
. . . 
WORK-IN-PROCESS 
· Cabling 
·. Shea~hing 
. 
BUS1 TI1-fE/UPTIME (%) 
Stranding 
Cabling 
Sheathing 
% LOADS REQUIRING SETUP CHANGE 
Stranding 
Cabling 
S~eathing 
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. 1!xperiment No . 
l 2 3 4 i 6 -· - - -
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. 
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.· . . . ~ . . . qnce the· ·shop .. had· .been ~c-ceptabiy· parti tion·ea·,. exper'imentatio~ ·. 
. . 
. . 
• 
- .• 
. . . 
. . 
. . 
. . . 
. 
. 
. . .with the. g1oba1. sequencer .began. · Because· or the ·a.c1di tiona.i compute·r· · · . . . 
. 
"' . 
. 
. 
• I • 
. . . . . 
. 
. . 
' . .. 
. ·. ~· . time. ~equ.ir~d for eac~. generated s'eque~ce t.he resequenc·e. interval vas 
.  
• • 
. . 
.. . 
. 
. . . . . . ~ 
· widened to· three working shift·s and· most· ·runs were limited to s.even ' . . . . . . 
. 
. 
.. I 
.. 
. 
. 
.... weeks· of simul~ted shop time, --~he -~ir~t _three ~e_e~s of each· exper~·~· 
. 
• 
. . . 
. . . 
. . . 
'm~~t· w~re uti~ize·d as a "r' ·-·n". ·period.in order .to; r~·du.ce·b·eginning I 
' • 
.. • 
. ". . .. 
transient . effects as much as possibie. All results p~ese~ted here. 
. . 
were·taken from the last four weeks of each simulation. The results. 
. . 
from these four weeks were analyzed for s.tabili ty arid were found· to be 
· free of significant trends in every case. A. week by .week s11mma.ry . .. :. ~ ..... 
.. 
of each- experiment discussed herein is given in ~he APPENDIX. 
It should be pointed out here that there is some difference· 
between the service level as measured here and the definition used 
·• in the actual operation. This sten1s from the fact that in the 
sequencer, and also the simulator, the unit of work· is a strander load. 
In practice, a strander load may consist of several customer orders, 
• 
. 
or-it may constitute only part of a customer order. Service level 
as viewed by the shop is defined as: 
• 
Number. of Customer Orders Finished On Time 
, 
• • 
-
• 
Number. of Customer Orders Due {TOT.AL) •. 
• 
• 
. . 
. . 
• 
Because the model.does not track individual customer orders, service 
leve·1 there is calculated as: 
• 
. . 
-·~o ·. 
·, . 
• 
• • 
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.. 
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.. 
. •· Nwnber of Strander Loads Finished·On Time 'I 
•• 
... · .. :~. ~-
•• • .,.· . . " .. 
. ' • . •.. 
-
• '· · .. :- . 
• 
• 
:,• 
• 
~umber of Strander Loads Due ( TOTAL) • • • 
• 
• • 
• 
• 
In grouping the customer orders into strander loads., a balancing 
algorithm is used. When customer orders with different due dates 
. 
. 
.. 
must be taken from the same strander load, the entire s·trander load 
-
. is assumed ~o be due on ~he earliest customer order· deli very date. •• • 
. . 
.. 
'· 
~us, in s~1mmary, the service levels shown in the results are somewhat 
.. 
conservative, or downward biaSed. This bias is even more obvious if 
one considers that the model bas no capability to perform last minute -. 
exchanges of identification between one late order and one early order 
. of the same code. Such exchanges were found to be common practice 
in the actual shop in order to meet delivery dates. 
All the eA'J)eriments discussed here cover the same shop produc-
tion period and use actual item-by-item demand rather than generated 
demand. In most cases the simulated overtime and service levels 
compare well vi th what actually transpired in t~e shop ~ shown in 
TABLE E. For the period under investigation here the shop experienced 
a 99% service_ level but required about 36% overtime to do that well • 
• 
• 
This 99% service was equalled in three of the e;K.periments using 
. 
. 
• 
• 
the global sequencer. Also, in each case (experiments //2, 5., 6) a 
20-25% reduction in overtime was realized. 
If consideration is given to the differences between the shop 
calculations and the simulator calculations of service levels, then 
experiment 1/-1 resulted in service comparable to ·that in. the actual 
shop _and used approxi~ately the same amount of overti.me. In experi-
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TABLE E •• • • 
. . • 
. 
ACtual \ts. Simulated Results. ·c Global Rules) • 
• 
• 
Actual 
Experiment 
Experiment 
Experiment 
:F..xperiment 
Experiment 
Experiment 
- .... : ... 
• 
• 
• 
• 
• 
.. 
• 
> 
#1 
·u2 
113 
. . 
#4 
. . 
#5 
#6 -
-. 
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OVERTIME 
36% 
35% 
30% 
20% 
27% 
. 
30% 
27% • 
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SERVICE LEVEL 
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·ments H3 · and i/4 the ov~rtime allowances in the simulator were cut back 
• 
from the actual level of 36% to 20% and 27%, respectively~ These 
. 
. 
added restrictions caused decreases in the service level. Here 
-~gain, considering. the bias in the simulated service level calculation, 
these service levels of 91% end 94% cannot be clearly labeled as 
unsatisfactory • 
Qne point which should not be overlooked is that in all the 
experim~nt_s late jobs were· consistently finish~d during ~he week· 
. 
immediately following their due date. This is reflected in TABLE D 
in the average lateness figures. Actually, an average lateness of 
· 1.00 means that all late jobs were never more than one week ~ate. 
• 
This is due to the. fact that the simulation model does not distinguish ·· . . 
between a job which is one day late and a job which is six days late, 
for instance. Thus, the consistent average lateness of 011ly one week .. 
indicates an ability on the part of the sequencer to expedite late 
jobs. • 
As stated previously these expe'i .. iments were run using a subset 
• • of the shop capbility and the demand. Specifically, the _demand subset 
· used was made up of. those jobs requiring cabling, ·the larger pair . 
• 
size Jobs. Due to their size and complexity these jobs require much • 
more time tp either remake or to repair ·than the "average" job. 
Thus they tend to have an added detrimental affect on service and 
also overtime required to meet service. For instance, \rhen a large 
job fails inspection near the end of the week, if it is due at the 
end of the current veek then it is much more difficult to repair or 
to replace (remake) in time to make delivery. The end result is that 
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. 
~y·considering the more·complex product codes, this simulation has 
• 
imposed a further downward· bias on servic·e as compared to the actual 
. . . 
• 
shop servic_e level. Previous recognition was g'iven to the control cap-
abilities of the sequencer. Its ability to control vork-in-process 
inventory was exa.miried by runni g ·a locaJ. rule ( FCFS) experiment 
... .•. 
. . . 
'. ·. sequencing rules, identical conditio11s were used vi t.hin each global- . 
. -:_: 
.• 
.. ~ .. -
• 
• 
:~ 
• 
,, 
• 
·. 
• 
•. 
.•. 
• 
• 
local e~e!imen~ pair. The global sequenc~r was set to exercise 
control· over the work-in-process .at the· sheathing operat.ion. In 
every case the sequencer effected a very significant reduction in the 
-inventory level, on the average a 41% decrease. However, these results 
must be tempered somewhat when the corresponding work-in-process levels 
• 
between stranding and cabling are considered. Here the local rule 
carried lower cabling inventory in most cases. When the combined 
() 
total cabling and sheathing inventory is ex-a.mined, the total reduction 
gained by using the sequencer was, only about 5. 3% overaJ 1. However, 
the main point here is that the results do illustrate the sequencer's 
capability to coordinate shop flow for· control purposes. .f\J.:..o ~ ·more 
·. experimentation with tighter controls on inventory might yield more 
•• 
• 
significant results. 
• 
. 
Arising from this study were some indications of shop capacity 
imbalance, which could have hindered the sequencer's effectiveness. 
The rea.der \-Till note from TABLE D that in every case the stranding 
machines were busy almost all their available time (total time minus 
t 
down time).· On the other hand the sheathing machines tended to be 
" , 
busy only about 60% of their available time.. This was true even 
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. though about 75% of the Jobs done at sheath required a machine setup 
~ 
.Change, during which the 1 machine Was ·.CO\L"'lted as busy. (TABLE D also · 
contains these setup change-percentages.) ·Note also that over 80% 
• 
Qf· the jobs required setup changes at the cabling oper.ation. This 
' 
. 
. imbalance cannot be attributed to the partitioning of the shop and 
demand which was ~ecessary for conducting the global sequencer sim-
. 
. 
. 
. ulation experi~ents si·nce local rule experimebtation with the full 
scale shop. resulted· in es~entially the s·ame machine utilization 
statistics . 
.. . . . 
There· is an implication here that s·equencing of jobs is not really 
·a problem at the sheathing or cabling operations since these operations 
. 
. . kept up with th~_ stranding production in spi_te of their high· frequen-.. 
. 
. cies of setup changes. In order to exrunjne this implication experi-
. 
ments #2, 3, and 4 were repeated with a hybrid sequencing method which 
uses only FCFS rules at cabling and sheathing. The global sequencer's 
plans were followed only at st.ran.ding. TABLE F contains a s11nunary 
•.. 
·( 
of these results (experiments #2a, 3a; and 4a) .in comparison with the 
• 
. global sequencer results ( experiments #2, 3, and 4). In each c·ase 
the hybrid method results compare favorably with the global sequencer 
• 
.. 
results. Under conditions of overtime allowances varying from.20% 
to 30%, the hybrid rule service levels and average job lateness 
were as good as those resultin·g fr.om global sequencing in each experi-
ment. Also, only minor differe~ces s:ho,ved up in the machine utili-.. 
zation figures, the relative imbalance remaining.' unchanged in every 
case. 
' 
' 
~ese hyb1 .. id rule resul.ts· ·.suggest that sequencing problems in . 
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fEThe hybrid rule utilizes the global sequencer to sequence jobs at 
stranding only. All other operations follow a FCF3 rule. Except 
.for this difference in sequencing rules, experiments #.2a, 3a, and 
lia were run under the same conditions as experimellts #2, 3, and 4, 
respectively • 
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this shop were preclude~ by excess capa~ity downstream dur:i.ng the period 
. . 
being studied here. Had the- shop been more evenly balanced, the global 
. 
sequencer might have offered more fruitful results than were. obtain·ed 
• 
• in this study. 
.. 
• 
• 
• 
... 
• 
• 
• 
• • 
• 
• 
. . 
. -
• 
• 
• 
• 
• 
• 
• 
• 
• 
. .
• 
• 
• 
• 
• • 
• 
• 
• 
-. 
• 
• < 
. . 
• 
• 
• 
• 
. ' . 
• 
• 
:·. 
··• . 
.·· 
. ' 
' . 
• 
. . 
. ·~ 
. . 
• 
• 
• 
• 
. ' 
. . . 
• 
I 
. .. 
. . 
. 
. 
• 
• 
. . 
. . . 
' . 
. . . 
. . 
·, ' 
.. 
• • 
. . 
• • 
. . 
• 
• 
• CHAPTER VI 
. . . 
CONCLUSIONS A,."ID RECOt.ff.fEllDATIONS 
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This 'thesis vas an attempt to identify certain benefits and pro-
. 
. \ ' . 
• 
blems which might result from the use·or global sequencing methods in 
a flow shop on a periodic interface basis. The particular shop chosen 
. for study vas an .electrical cable shop and the sequencer under. consid-
. eration was· a heuristic global detailed sequencer. Account was taken . . .. 
. 
' . of disturbances to the planned sequences·, such as machine breakdowns,· 
Job repairs, ·and job remakes. 
In the pro·cess of this study, problems· or limitations· regarding 
' 
application of 'the sequencer to the actual shop data JTere discovered 
in the following basic areas. 
(1) shop flow pattern 
(2) sequenc~r response times 
• 
(3) information volumes required. 
It was found that the heuristics inherent to the sequencer favor 
placement of the in-process test at a particular point in the shop t 
flow pattern. Deviations from this patt~rn could have been overcome 
by the sequencer but not without considerable increases in computi1)g 
. 
. . time. This restriction was not removed during the .course of this 
study. Obviously, an adjustment to the sequencer to accommodate a 
. different in-process test point would be riecessary before application . 
. 
. 
to the cable shop under study would be possible, 
In areas (2) and (3) above some improvements were initiated by 
this study. ~1odifications in the machine setup change scheme eli-
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uld ri~t be required in. thi~ ~~a~ . · .. 
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· · · · ;: · 'RespOnse "ti.me is perhaps \he inajor implerne~t~tiOn p
robl~m· brought tO · 
I a 
• I 
• • 
• I 
t 
. . . 
. . light. Computing times on a PDP-10 compute
r vere over one hour when 
·. 
. . .. 
the. rui1. scale:. shop vas · be.in·g .seque~~ed.· . :Some subseq
uent m~difi~at:i."ons 
. 
. . 
.. 
. . 
.· 
. . 
~ . 
. . 
. . 
. . 
. 
. . 
.. 
. . . : ·.. ··.·. ma.de ·.by the ·sequencer development' t.eam. decreased thes
e' response times 
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• • 
by . ~ much .. as ·so%~- However, in.order to. achieve··response<times.
: 
• 
. 
. 
, 
. 
. . 
amenable to· a simulation of seven week~·of. s
hop time, it was necessary 
. . 
. 
. 
. 
. 
to limit res.equencing to only once. per 'day aiid to for
ego' application 
;of. the global sequencer ·to· the full scale sh
.op. Reasonable response 
times were realized after ·limiting attention
 to a subs et of the 
. 
shop capacity and a corresponding subset of the
 demand. This parti-
t~oning reduced some·major factors of sequencer response 
time, such 
as the total number of jobs being sequenced at any one tim
e, the 
number of different product codes involved a
nd the number of different 
.machine setup codes involved. Consistent re
sponse times of less than 
, 
15 minutes were obtained only when the total number of
 jobs was less 
I 
than 100. Since this . particular shop avera
ges 170-2.60 jobs per 
. . 
. 
week the current sequencer could not be appl
ied to the full scale shop 
• 
~ 
. 
on .a ·once· per shift ·basis, although a once p
er day basis might not be 
. . 
impractical .. Qne ~ossible solution would be to limit t
he above 
factors of response time by using a filter to examine the total list 
" 
of jobs and select for sequencing only those best s.uited 
for the 
upcoming resequence interval. Otherwise, re
duction of the problem 
s~ope by partitioning the shop as done in th
is thesis would be needed . 
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. r· ·0nce alterations in th.e sequencer and the proble!ll scope had, 
·' 
. • .;> . 
b~ought the comp~ting time down·to an acceptable level, the. simulation 
• 
• 
-model developed ·as a part of this thesis work was utilized to test the 
. . 
sequencer under dynamic shop conditions. The simulation results 
indicate that overtim~ could be re·duced 20%-30% under current levels 
• 
. . 
without detriment to the service level. Perhaps jus~ as important is 
. 
~he fact_ that in all cases the average lateness for late jobs was 
ve.ry low, ~eyer e~ceeding 1. 02 weeks • 
. 
!J.'hroughout all the experiment~tion an imbalance in shop capac~ ty . 
• ,.'. • '·1 'W'y'(J 
between machine centers was experienced, the stranding machines being 
busy about 99% of their uptime as compared to about 85% for cabling 
_machines and only about 60% for sheathing machines. Three of the 
experiments were repeated using the global sequencer only at stranding 
and running all other operations by a FCFS rule. In all three experi-
.ments the service level and the average job lateness were as good as 
t.hpse obtained with complete global sequencing, thus indicating that 
_sequencing at cabling and sheathing is not critical to service in this 
0 
case. It .is conjectured that although the global sequencer results 
obtained in this thesis work are favorable, application to a better 
• 
balanced shop might yield even more fav~rable results. 
• 
. 
• 
.. 
Effective control of work-in-process.inventory was evidenced by 
the model when comp~red to inventory levels accompanying a FCFS policy. 
Adjustment of the sequencer control parameters to limit the number or 
jobs waiting for sheatl1ing produced a 41% reduction there. However, 
the inventory at cabling was consequently increased, making a total 
work-in-process reduction of 5.3%. 
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. .. 'times: are adversely affect·eci ··by ce·r~~in ·shop ;Load. characteristics,· such . . . 
. 
. . 
,I • 
" ,• . . . . 
a~ deviations f~o~ j_ts inhererit sho~ flo;· p~tterll, --~~ ·bat~hes· .oi -~Ver· ·. . 
. . 
. . 
. . . 
• . . 
I • o I I . 
. , 
•. . 
. . . . . 
. :·. 100 .. jobs t_o be· sequenced .• However~ ·if. these limi tati.ons can 'be ·. • 
• 
. . 
• • . 
resolved or ci.rcumvented 'then 'the simuiat:i.on' results· indicate that the 
. . 
. . . 
. . . .. . . 
. 
. "' . :· · sequen~er Wouid be ~ feasible l;>atch-;~de. s·hop CO~~!Ol tool ... .. ·.· . . 
•. 
.. . 
.· 
• 
.. . . 
. . 
. 
. . 
. 
. . '•. : Those a.lr'eady familiar ·with. the· nature of heuristic devices •• 
. 
. 
. . . . . . 
. .. 
. 
. . . 
.· .. 
s'.\ich as th'e. sequenc_er inves:tigatea.· 'in this thes-is' would· agree that 
• 
the sequencer· has not been completely examined for possible ~enefits. 
. . . : : . 
by. the experiments presented herei_n _since.· c9mplete testing would' 
. require examining ·many different combir1ations of the. various sequencer . . 
.. 
control parameters. Further experimentation with these parameters 
. 
might produce improvements over the results obtained thus far, 
·especially in the area of in-process inventory. Since shop records 
.•. are not kept on work-in-process at the various points, it is suggested 
that future studies similar to this one or extensions thereof be 
preceded by a sampling study of actual inventories to obtain estimates 
, . 
. for comparison with simulated results • This would eliminate the need 
for .. u~ing FCFS inventories as a reference point. 
• . . 
• 
. Anothe+·area deserving further investigation is the effect of 
dedicating mach.ines to only certain product codes. In some cases 
. . 
~ this is nec.essary for technological reasons. However, in others the 
• 
• dedication is done to avoid confusion in the manual sequencing 
methods presently being used. Implementing a computerized sequencer 
·might eliminate the need for such ded·ication and would possibly 
r.esu_lt ~n further ope'rations improvements • 
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· Aside from. the specific shop and sequencer studied ·here, there 
. . 
6l 
. 
. are some more general topics which should receive further ~ttention •. 
• 
• . 
. 
One such topic deals with the effects of various levels of disturb-
. . 
. . . . 
ence on the perforlilance of a global s·equencer applied in a periodic 
interface mode. As. the disturbance levels .rise the effectiveness 
. 
of the sequencer might diminish. Characterization of such a 
• 
' 
·relat·ionship could prove useful .in many ways. As ·pointed out earliel'· 
. . 
.. 
• 
the effectiveness of a sequencing mechanism could possibly ~e· 
hindered ·by an· serious imbalances in the shop capacity between · · 
machine centers. Studies in this -area· could also provide useful 
findings •. ' .~--
.. 
• 
Throughout this study the interval between interfaces with the 
se·quencing program vas left m1changed. Since during the interval 
.disturbances are continually setting the operations further and 
further apart from the planned sequence, a decrease in the interval 
might improve performance. The effect of using various· interval 
lengths for resequencing needs some investigation from both·. a 
-- theoretical and an application point of view. In addition to these 
considerations there are some·standard assumptions made here which 
" 
~· '• 
could be examined in future work. For example, negligible transit 
·times are used here along with an assumption that labor will always 
. 
be avail~ble to perform machine setups and t~ _transport material. 
. . ( 
In addition to identifying some benefits of applying a global 
sequencer to an actual shop environment, this thesis has served to 
... 
. • identify problems which might be encountered in such m1c. .. application • 
• 
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In some instances solutions to these problems were suggested. 
• 
Fin~ly, this thesis has demonstrated.the :importance of testing 
·planning tools under full scale dynamic shop conditions be:rore making 
. 
any attempt at actual imnlementation. 
-
Application of the simulation 
testing model developed here has lllustrated its· usefulness . in con-
ducti~g tests of·this nature • 
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